Abstract: There are numerous theoretical approaches to estimating the power conversion efficiency (PCE) of organic solar cells (OSCs), ranging from the empirical approach to calculations based on general considerations of thermodynamics. Depending on the level of abstraction and model assumptions, the accuracy of PCE estimation and complexity of the calculation can change dramatically. In particular, PCE estimation with a drift-diffusion approach (widely investigated in the literature), strongly depends on the assumptions made for the physical models and optoelectrical properties of semiconducting materials. This has led to a huge deviation as well as complications in the analysis of simulated results aiming to understand the factors limiting the performance of OSCs. In this work, we intend to highlight the complex relation between mobility, exciton dynamics, nanoscale dimension, and loss mechanisms in one framework. Our systematic analysis represents key information on the sensitivity of the drift-diffusion approach, to estimate how physical parameters and physical processes bind the PCE of the device under the influence of structure, contact, and material layer properties. The obtained results ultimately led to recommendations for putting effort into certain properties to get the most out of avoidable losses, presented the impact and importance of modification of material properties, and in particular, recommended to what degree the design of new material could improve OSC performance.
Introduction
The ultimate power conversion efficiency (PCE) of a single junction solar cell is fundamentally limited by the Shockley-Queisser (SQ) limit [1] . The applicability of the SQ theory is based on the assumption that there are upper limits for many photovoltaic systems. For instance, even the crystalline silicon solar cell has a short circuit current (J sc ) close to SQ theory. But the deviation in PCE approximation originates from the reduction in open circuit voltage (V oc ) as a result of non-radiative Auger recombination [2] . In view of SQ theory, ultimate efficiency of about 29% estimated for the organic absorber with the bandgap of 1.8 eV [3] . However, in the case of organic bulk heterojunction cells, the assumptions of the SQ theory are not adequate as considerably lower PCEs are reported in the literature [4, 5] . With the aim of minimizing energetic losses, a notable effort has been made trying to maximize the PCE of organic-based solar cells [6] [7] [8] [9] [10] . Despite the fact that vast progress has been made in the last decade, a reliable description of how fundamental macroscopic physical processes limit the PCE of organic-based solar cells is still matter of debate. In several studies, the drift-diffusion method is used to understand and study one or several aspects of sub-physical processes. However, the analysis of the simulated result with this approach is complex as the simulated result highly depends on assumptions made for the physical models and input parameters.
This work aims to evaluate and extract the PCE-limiting factors of the organic solar cells (OSCs) beyond SQ limit estimation. In particular, through a systematic study based on numerical drift-diffusion calculation, we intend to clarify the complex relation between the loss mechanism, charge carrier mobility, exciton dynamics, absorber thickness, and organic material properties in one framework. This allows defining the regimes where physical parameters and physical processes dominate the losses in OSCs which ultimately clarify how different physical processes and organic material properties condition the performance of OSCs. This work offers key information about the role of physical mechanisms, estimates the ultimate attainable efficiency based on material properties, and finally recommends how the synthesis of new polymers [9] would enhance the PCE of thin-film single-junction OSCs.
Firstly, a well-known and well-reproducible structure (Indium thin oxide (ITO)/poly-3,4-ethylenedioxythiophene:poly(styrenesulfonate) (PEDOT:PSS)/poly(3-ethylenedioxy)(P3HT) blended with [6, 6] -phenyl C61 butyric acid methyl ester(PC60BM)/Aluminum(Al)) is considered as a reference system. However, since only the optical absorption of the organic absorber is considered as an upper limit for photo-generated carriers, the result of this systematic simulation can be directly investigated for the analysis of other material systems.
Several processes influence the performance of OSCs, such as light absorption, exciton diffusion and dissociation, free charge carrier losses, and finally, charge carrier collection at contact [11] . Thus, simplifications of such mechanisms introduce a huge inconsistency between simulation and experimental measurements. To represent a more realistic picture and in order to compare the impact of the different loss mechanisms, we performed systematic analysis for the key parameters and physical processes that play the main role in the assumed physical model.
In particular, we investigated an approach that was able to provide insight into loss mechanisms by modeling the cell from simple to more advanced theoretical calculations. We started to calculate the efficiency limits of organic bulk heterojunction solar cells by assuming extraordinary optimum material properties and ideal conditions. Then we quantified the inconsistency between theory and experiment with associated physical processes and material parameters that influence and limit the PCE of the cell. Detailed qualitative analysis of the simulated PCE map shows to what extent the structure and material properties modification of organic material could directly influence the PCE. This can be used as a guideline to simulate the device more accurately depending on opto-electrical properties of organic material in one hand, and to direct experimentalists to develop and design optimized organic material to maximize avoidable losses toward higher device performance on the other hand. The generality of our approach for investigating a typical range of physical parameters and fundamental physical processes in our calculations do not only apply the obtained results to the organic based systems but also to other novel thin-film technologies and materials such as perovskite-based solar cells.
Theoretical Background and Modeling Approach
A detailed mathematical description of the developed model is beyond the scope of this work. Here, we simplify the picture by stating the physical processes investigated in our modeling approach. A detailed description of the developed model can be found in [12] .
An organic semiconductor for an active layer of solar cells mostly absorbs photons with wavelengths smaller than 850 nm. The active layer surrounded by several layers that have a comparable dimension with the incident light wavelength. Thus, the absorption cannot reach to its maximum value since absorption and reflection can happen on any layer and interface located before and after the absorber.
In this work, to estimate the absorbed photons, the distribution of the optical electromagnetic field in each subsequent layer of multilayer structure was derived with the transfer-matrix method (TMM). In comparison to SQ theory, TMM would offer a more reliable approximation of upper limits of the free carrier generation.
First, we assumed that each photon with energy larger than the bandgap of absorber produces one pair of free charge carriers. Next, we coupled the photo-generated free carriers to the electrical model to probe and mimic the limitations induced by the charge transport and loss mechanism. The considered device system consists of an active layer sandwiched between a hole-extracting anode and an electron-extracting cathode (see Figure 1) . The active layer is treated as an effective medium where the electron and hole transport takes place at the conduction and valance band transport levels. In this approximation, interfaces between acceptor and donor materials are not introduced in the simulation and it is assumed that the blend behaves as a single homogeneous material, thus the effective electrical band gap is given by the difference between the respective transport levels. A general schematic diagram of the primary simplified developed model is shown in Figure 1b . (TMM). In comparison to SQ theory, TMM would offer a more reliable approximation of upper limits of the free carrier generation. First, we assumed that each photon with energy larger than the bandgap of absorber produces one pair of free charge carriers. Next, we coupled the photo-generated free carriers to the electrical model to probe and mimic the limitations induced by the charge transport and loss mechanism. The considered device system consists of an active layer sandwiched between a hole-extracting anode and an electron-extracting cathode (see Figure 1) . The active layer is treated as an effective medium where the electron and hole transport takes place at the conduction and valance band transport levels. In this approximation, interfaces between acceptor and donor materials are not introduced in the simulation and it is assumed that the blend behaves as a single homogeneous material, thus the effective electrical band gap is given by the difference between the respective transport levels. A general schematic diagram of the primary simplified developed model is shown in Figure 1b . Charge transport in the active layer is described by the continuity and drift-diffusion equations coupled to Poisson's equation. Alignment of the Fermi levels at the semiconductor/contact interfaces modeled by Mott-Schottky [13] , and the thermionic injection model for charge carrier transfer at the metal-organic interface described through the kinetic rate model has been generalized by Scott and Malliaras [14] for the disordered materials. One of the major material properties which significantly influences the performance of OSCs is charge carrier mobility [15, 16] . In fact, charge carrier mobility in organic materials is a function of hopping rates between donor (or acceptor) molecules that depend on the material structure and morphology of the active layer [17, 18] . To approximate hopping mechanism in a drift-diffusion framework, a realistic model of mobility that includes the effect of electric field, temperature, and charge carrier density [19] could be investigated. In this work, as in most of the simulation approaches, the charge carrier mobilities were assumed to be a macroscopic effective parameter with a linear relation between the effective drift velocity and the electric field.
Still, there is a huge debate concerning the recombination process in organic bulk-heterojunction solar cells [20] [21] [22] , however, bimolecular charge carrier recombination has been clarified using the time-of-flight method [23, 24] . In the following sections, the role of bimolecular-and Langevin-type recombination and their effects on the performance of the cell are evaluated separately. This gives a comprehensive picture of the influence of charge carrier mobility, layer thickness, exciton state, and loss mechanisms on the performance of the cell. In addition, it demonstrates how PCE estimation depends on physical parameters (e.g., mobilities [25] [26] [27] ) and the assumptions made for the submacroscopic physical processes. Charge transport in the active layer is described by the continuity and drift-diffusion equations coupled to Poisson's equation. Alignment of the Fermi levels at the semiconductor/contact interfaces modeled by Mott-Schottky [13] , and the thermionic injection model for charge carrier transfer at the metal-organic interface described through the kinetic rate model has been generalized by Scott and Malliaras [14] for the disordered materials. One of the major material properties which significantly influences the performance of OSCs is charge carrier mobility [15, 16] . In fact, charge carrier mobility in organic materials is a function of hopping rates between donor (or acceptor) molecules that depend on the material structure and morphology of the active layer [17, 18] . To approximate hopping mechanism in a drift-diffusion framework, a realistic model of mobility that includes the effect of electric field, temperature, and charge carrier density [19] could be investigated. In this work, as in most of the simulation approaches, the charge carrier mobilities were assumed to be a macroscopic effective parameter with a linear relation between the effective drift velocity and the electric field.
Still, there is a huge debate concerning the recombination process in organic bulk-heterojunction solar cells [20] [21] [22] , however, bimolecular charge carrier recombination has been clarified using the time-of-flight method [23, 24] . In the following sections, the role of bimolecular-and Langevin-type recombination and their effects on the performance of the cell are evaluated separately. This gives a comprehensive picture of the influence of charge carrier mobility, layer thickness, exciton state, and loss mechanisms on the performance of the cell. In addition, it demonstrates how PCE estimation depends on physical parameters (e.g., mobilities [25] [26] [27] ) and the assumptions made for the sub-macroscopic physical processes.
Ultimate PCE within Drift-Diffusion Framework
In order to estimate the ultimate feasible PCE in the primary model, it is necessary to make several assumptions for physical models and physical parameters. To extract the maximum available photocurrent, the free charge carrier must reach the corresponding electrodes prior to recombination by driving drift or diffusion forces. In this condition, the generated free carriers can be fully utilized for photovoltaic conversion and the photocurrent of solar cells is not limited by recombination and transport loss processes. Thus, in order to maximize charge collection in related contacts, we simulated the cell assuming that the free carriers with high charge carrier mobility and without any recombination losses are transported toward the contacts. In addition, as the thermionic-diffusion injection model was considered for the charge carrier transfer at the contact, a relatively large recombination velocity was chosen for the major charge carrier to maximize the charge extraction, while inversely, a low carrier recombination velocity (selective contact) was chosen to stop the minority carrier collection at corresponding contact. The input parameters of this ideal condition are listed in Table 1 . Typically, it is expected that increasing the thickness of the active layer enhances the photon absorption, which has a direct influence on J sc of the cell. However, due to interference effect of the multilayer structure (inset of Figure 2 ), TMM simulation shows fluctuations in the absorbed photon for various thicknesses [28] . On the other hand, the opto-electrical properties of the organic semiconductor confirm the importance of the absorber bandgap. A larger bandgap is more desirable for higher V oc , while the smaller bandgap is preferred for higher J sc (as a consequence of greater absorption). Thus, considering the assumption that we made for the physical mechanisms and parameters, absorber thickness vs. band gap was systematically simulated in order to determine the ultimate attainable PCE of the cell. Lowest unoccupied molecular orbital (LUMO) of the active layer was set to its typical value (−3.8 eV) and highest occupied molecular orbital (HOMO) varied from −4.5 eV to −5.6 eV to reproduce the typical bandgap ranges reported for the organic active layer material (0.7-1.8 eV). The maximum efficiency considering 200 nm of absorber thickness of the two well-known active layers, poly [4,8- 
(PTB7) and [6, 6] -phenyl C71 butyric acid methyl ester (PC71BM) (PTB7:PC 70 BM) and P3HT:PC 60 BM, was estimated to be 31.186 and 22.83, respectively. The higher PCE observed for the low bandgap PTB7:PC 70 BM system in comparison to the P3HT:PC 60 BM system is due to better absorption efficiency and a broader absorption spectrum. Note that the efficiency is overestimated by several assumptions such as ultimate charge carrier mobility, no recombination processes, etc. For typical active layers (60-350) and for the nominal bandgap (1.2 eV), the maximum efficiency was estimated to be 15.509% for 220 nm and 22.36% for 260-nm active layer thicknesses for P3HT:PC 60 BM and PTB7:PC 70 BM ,respectively (see Figure 2 ), representing more reliable result in compared to the overestimated PCE calculated by SQ and in [3] . In particular, a significant PCE reduction (more than 50% deviated from SQ limit for the P3HT:PC 60 BM system) relates to imperfect absorption of the thin-film active layer. Accordingly, the ultimate PCE estimation with this approach exhibits a proper starting point to evaluate more accurately the electrical loss mechanism of free charge carriers during their transport toward the contacts. representing more reliable result in compared to the overestimated PCE calculated by SQ and in [3] . In particular, a significant PCE reduction (more than 50% deviated from SQ limit for the P3HT:PC60BM system) relates to imperfect absorption of the thin-film active layer. Accordingly, the ultimate PCE estimation with this approach exhibits a proper starting point to evaluate more accurately the electrical loss mechanism of free charge carriers during their transport toward the contacts. 
Results and Discussion

Loss Mechanism and Mobility Effect
The mobility effect on PCE of OSCs is significant, as it is correlated to the equilibrium between generation, transport, recombination, and extraction of charge carrier in the certain built-in electric field. In order to determine the optimum mobility for OSC, several theoretical studies drive the impact of mobility on device performance [26, 27, [29] [30] [31] [32] [33] . Concerning the Langevin theory, charge carrier mobility directly competes with the recombination, where the recombination increased for higher mobility. However, there is no evidence of Langevin recombination in experimental data of small molecule solar cells [34] where carrier density-dependent losses (bimolecular type) are a dominant loss mechanism [35] . Therefore, concerning thin-film low mobility absorbers, the exact role of carrier mobility and its correlation with recombination losses in the cell performance is not clear. Henceforth, we analyze both loss mechanisms individually in the following section. In this work, trap-assisted recombination losses are neglected, since such a losses mechanisms dominate only at the low light intensities [36] .
Ultimate PCE Map for the Carrier Density-Dependent (Bimolecular-Type) Loss Mechanism
It has been shown in the literature that the charge recombination is sufficiently low to limit charge collection in short circuit conditions [37] , but it might be a limiting factor for the PCE in the practical operation mode (maximum power point) of the cell [38] . In Section 3, to estimate the maximum achievable efficiency, the recombination process during charge transport of free carriers toward the contacts was neglected. Advancing in the study of the influence of free carrier recombination losses on the PCE, in a similar manner to the previous section we assumed that long carrier lifetime with high concentrations of charge is available after photon absorption. To minimize the losses due to surface recombination, firstly, proper recombination velocities (selective electrode) investigated at the contact allowed only one carrier type to be extracted while the extraction of the other type was prevented. In reality, however, impurity-induced recombination centers are present to some extent and effectively, nonzero surface recombination velocities exist depending on processing conditions. 
Results and Discussion
Loss Mechanism and Mobility Effect
Ultimate PCE Map for the Carrier Density-Dependent (Bimolecular-Type) Loss Mechanism
It has been shown in the literature that the charge recombination is sufficiently low to limit charge collection in short circuit conditions [37] , but it might be a limiting factor for the PCE in the practical operation mode (maximum power point) of the cell [38] . In Section 3, to estimate the maximum achievable efficiency, the recombination process during charge transport of free carriers toward the contacts was neglected. Advancing in the study of the influence of free carrier recombination losses on the PCE, in a similar manner to the previous section we assumed that long carrier lifetime with high concentrations of charge is available after photon absorption. To minimize the losses due to surface recombination, firstly, proper recombination velocities (selective electrode) investigated at the contact allowed only one carrier type to be extracted while the extraction of the other type was prevented. In reality, however, impurity-induced recombination centers are present to some extent and effectively, nonzero surface recombination velocities exist depending on processing conditions. We then introduced the recombination of free carriers as a significant loss mechanism during charge carrier transport. In fact, a weakness of blending of donor and acceptor material is that the charge carriers may be lost via interfacial bimolecular recombination β(np − n i 2 ) where n and p are electron and hole density and β is a morphology-dependent reduction factor [23, 30, [39] [40] [41] .
As we assumed that the rate of recombination is independent of the mobility, we separated the role of carrier movement and recombination rate to extract their relative impact on the performance of the cell. In this regard, morphology-dependent recombination reduction factor (β) and charge carrier mobilities varied, where other parameters were chosen for the nominal value for the typical OSCs (referenced in Table 1 ). While the assumption in the simulation might be non-physical, such that the recombination coefficient and mobility might be correlated to each other in very low mobilities, the simulated result gives us clear view to distinguishing the role of physical processes and to defining the regime to maximize attainable efficiency in OSCs.
Since charge collection at the contacts is extremely efficient, charge extraction rate is mostly determined by carrier movement (transit time) which is related to carrier mobility. This behavior is shown in Figure 3 where, for the typical active layer thickness of OSCs (200 nm), the J sc reaches to its maximum for the charge carrier mobilities values close to those of inorganic (e.g., Si) semiconductors or novel material such as Perovskite-based [42] absorbers. At this level, even an extremely high recombination factor (10 −6 cm 3 ·s −1 ) does not significantly influence the J sc of the cell. In other words, if the carrier lifetime is larger than the carrier transit time, all generated charges reach the electrodes and contribute to the photocurrent. Simulated J sc and the PCE map in Figures 3 and 4 show a valuable picture for characterizing and parameterizing the device. For instance, in the case of high mobilities, it is clearly shown that while the J sc reaches its maximum value for mobilities >10 −4 m 2 ·V −1 ·s −1 , the efficiency of the device is limited with the recombination process (see Figure 4 for PCE). Hence the parameterization and characterization of the solar cell is simple one-step J-V fit, as it only relates to the recombination factor only. We then introduced the recombination of free carriers as a significant loss mechanism during charge carrier transport. In fact, a weakness of blending of donor and acceptor material is that the charge carriers may be lost via interfacial bimolecular recombination where n and p are electron and hole density and β is a morphology-dependent reduction factor [23, 30, [39] [40] [41] .
Since charge collection at the contacts is extremely efficient, charge extraction rate is mostly determined by carrier movement (transit time) which is related to carrier mobility. This behavior is shown in Figure 3 where, for the typical active layer thickness of OSCs (200 nm), the Jsc reaches to its maximum for the charge carrier mobilities values close to those of inorganic (e.g., Si) semiconductors or novel material such as Perovskite-based [42] absorbers. At this level, even an extremely high recombination factor (10 −6 cm 3 ·s −1 ) does not significantly influence the Jsc of the cell. In other words, if the carrier lifetime is larger than the carrier transit time, all generated charges reach the electrodes and contribute to the photocurrent. Simulated Jsc and the PCE map in Figures 3 and 4 show a valuable picture for characterizing and parameterizing the device. For instance, in the case of high mobilities, it is clearly shown that while the Jsc reaches its maximum value for mobilities >10 −4 m 2 ·V −1 ·s −1 , the efficiency of the device is limited with the recombination process (see Figure 4 for PCE). Hence the parameterization and characterization of the solar cell is simple one-step J-V fit, as it only relates to the recombination factor only. For the lower mobilities (< 10 −4 m 2 ·V −1 ·s −1 ) the complexity of the system is more pronounced, as the rate of free charge collection is slower than the rate of generation and transition, thus the free charges will accumulate and reach high concentrations in the device. In this regime, the recombination rate relatively increases and losses due to recombination reduce short circuit current. Unfortunately, this is a typical range of mobilities in which most of the organic semiconductors are operating in photovoltaic mode.
Figures 3 and 4 demonstrate that although the carrier mobility is reduced, the effect of recombination on PCE predominates. While orders of magnitude of recombination factor variation do not influence J sc in the high mobility-based absorber, as shown in Figure 3 , for the typical carrier mobility of conventional organic material such as P3HT:PCBM (10 −8 m 2 ·V −1 ·s −1 ), one order of magnitude recombination factor variation greatly influences the attainable J sc from 11 to 2 (mA/cm 2 ). In addition, it is shown how the J sc could jump to (or skip from) the accumulation limits for the typical recombination factors (e.g., at 10 −11 and 10 −9 cm 3 ·s −1 ) investigated in various OSC models.
The simulated result indicates that for inorganic or novel high mobility absorbers (e.g., perovskite), through fitting the experimental current-voltage characteristic, the recombination factor can be extracted more precisely in comparison to the complicated condition (e.g., charge accumulation effect) in a low mobility absorber system. In addition, generalized systematic simulation represents the importance and complexity of the low mobilities' correlation with the recombination process in the nanoscale devices limit. Figure 4 represents the ultimate attainable PCE for various mobilities and recombination factor ranges. Concerning the optical absorption profile of the P3HT:PCBM, the maximum efficiency assuming high carrier mobility and low recombination rate can reach to 13.64%. It is shown that for carrier mobilities higher than 10 −2 (m 2 ·V −1 ·s −1 ) even the J sc reaches its maximum value (see Figure 3) , but the ultimate PCE of the OSC reduces to its typical reported values as a result of the recombination loss mechanism. The reduction in the efficiency could principally explain with the drops in V oc . V oc corresponds the voltage at which the overall current under illumination is zero. In this condition, the photo-generation rate is balanced by recombination, where the recombination can occur either in the bulk or at the contacts as surface recombination. In this condition, V oc is correlated to quasi-Fermi level splitting [13] and thus, as the generation rate is constant and the recombination is enhanced, lower quasi-Fermi level splitting and consequently lower V oc will be obtained.
In particular, Figure 4 presents ultimate achievable efficiencies for different ranges of balanced charge carrier mobilities versus morphology-induced recombination losses. As depicted, for the typical carrier mobilities reported for organic semiconductors (in the range of 10 −10 to 10 −6 (m 2 ·V −1 ·s −1 )), charge carrier transport losses (charge accumulation) started to play a key role in cell performance. For instance, for the nominal recombination reduction factor, the efficiency of the cell improved significantly from 1.7% to 6.58% with only one order of magnitude improvement of the mobility from 10 −9 to 10 −8 (m 2 ·V −1 ·s −1 ). Such a considerable deviation in simulated results for the typical physical parameter ranges of organic semiconductors indicates why there are huge differences in the PCE estimation in the literature for the commercial low mobility-based organic absorbers such as the P3HT:PC 60 BM-based OSCs. Specifically, the boundary (dotted line) in Figure 4 defines the regime where the transport and loss mechanisms dominate and influence the device performance. For high mobilities, the morphology-related losses (e.g., size of the island in the blend) limit the cell performance, while in low mobilities, inefficient charge transport and charge accumulation in the photoactive region are the predominant factors.
In summary, as the simulation shows, the most important limitation of PCE in organic thin film photovoltaic devices is related to low charge carrier mobility and the structural properties of disordered organic compounds which directly influence the recombination properties of the cell. Therefore, solar cell structures with enhanced carrier lifetime and higher mobilities (as long as they do not correlate to the recombination and the loss mechanism) are desired and are valuable for improving device performance.
Ultimate PCE Map for Mobility-Dependent (Lagevin Type) Losses
In the previous section, the effect of charge carrier mobility and loss mechanisms on the PCE of the cell was analyzed through the bimolecular charge carrier density-dependent recombination process. However, in several studies, it was shown that the probability of charge carrier recombination relates to the mobility of the carrier. In fact, the expected recombination mechanism in low mobility organic materials, such as an active layer absorber of OSCs, is described by Langevin's theory [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] where the time for an electron and a hole to find each other defines the recombination rate. In the Langevin-type mechanism, the recombination coefficient and consequently the recombination rate is proportional to the electron and hole mobility which is described by γ = µ n +µ p 2ε q. In addition, in a phase-separated blend structure, the effect of morphology leads to a reduced recombination [23, 35, 40, [43] [44] [45] [46] [47] which is modulated by a prefactor (β L ). The reduction factor of the Langevin rate is induced (similar to bimolecular recombination coefficient) to fit and compensate the disparity between the simulation and experimental measurement. The reduction factor varies between 1 and 10 −3 in OSCs [48, 49] , while in perovskite-based solar cells this is in the order of 10 −5 [50] . In order to analyze the ultimate feasible PCE with such a recombination process, we simulated the cell by varying the main effective parameters (electron and hole mobility vs. recombination reduction factor) that concurrently influence the charge carrier transport and loss mechanism.
The J sc and V oc map for the low reduction factor (β L = 10 −6 ) is shown in Figure 5a . The optimum J sc and consequently better performance of the cell occurs once the both electron and hole mobilities are balanced. In the case of balanced mobilities (see diagonal of Figure 5a ), the charge collection rate is sufficiently high to reach to its maximum value, nevertheless, as is shown in the inset of Figure 5a , through increasing the mobilities, the V oc and relatively, the performance of the cell (Figure 5b ) reduces significantly. In the previous section, the effect of charge carrier mobility and loss mechanisms on the PCE of the cell was analyzed through the bimolecular charge carrier density-dependent recombination process. However, in several studies, it was shown that the probability of charge carrier recombination relates to the mobility of the carrier. In fact, the expected recombination mechanism in low mobility organic materials, such as an active layer absorber of OSCs, is described by Langevin's theory [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] where the time for an electron and a hole to find each other defines the recombination rate. In the Langevin-type mechanism, the recombination coefficient and consequently the recombination rate is proportional to the electron and hole mobility which is described by 2 n p q μ +μ γ = ε . In addition, in a phase-separated blend structure, the effect of morphology leads to a reduced recombination [23, 35, 40, [43] [44] [45] [46] [47] which is modulated by a prefactor (βL). The reduction factor of the Langevin rate is induced (similar to bimolecular recombination coefficient) to fit and compensate the disparity between the simulation and experimental measurement. The reduction factor varies between 1 and 10 −3 in OSCs [48, 49] , while in perovskite-based solar cells this is in the order of 10 −5 [50] . In order to analyze the ultimate feasible PCE with such a recombination process, we simulated the cell by varying the main effective parameters (electron and hole mobility vs. recombination reduction factor) that concurrently influence the charge carrier transport and loss mechanism.
The Jsc and Voc map for the low reduction factor (βL = 10 −6 ) is shown in Figure 5a . The optimum Jsc and consequently better performance of the cell occurs once the both electron and hole mobilities are balanced. In the case of balanced mobilities (see diagonal of Figure 5a ), the charge collection rate is sufficiently high to reach to its maximum value, nevertheless, as is shown in the inset of Figure 5a , through increasing the mobilities, the Voc and relatively, the performance of the cell (Figure 5b ) reduces significantly. Thus, although the Jsc depends directly on the charge carrier mobility (which enhances for the higher mobilities), increasing the carrier mobility would not effectively enhance the cell performance. This is due to the fact that the recombination process is proportional to the carrier movement, hence, for high charge carrier mobility, the recombination losses increase significantly.
Note that even balanced mobilities are found to be beneficial for charge extraction; the reduction of Voc mostly depends on one the type of carrier (see inset of Figure 5a ) where the recombination constant is dominated with the faster charge carrier. In other words, even the slowest carrier mainly governs the recombination process (as the fast carrier must wait for the slow carrier to recombine), but increasing either (or both) charge carrier mobilities directly increases the rate of recombination.
On the other hand, the reduction factor which depends on the material properties and the morphology of the absorber could have a huge influence on device performance estimation. This is Thus, although the J sc depends directly on the charge carrier mobility (which enhances for the higher mobilities), increasing the carrier mobility would not effectively enhance the cell performance. This is due to the fact that the recombination process is proportional to the carrier movement, hence, for high charge carrier mobility, the recombination losses increase significantly.
Note that even balanced mobilities are found to be beneficial for charge extraction; the reduction of V oc mostly depends on one the type of carrier (see inset of Figure 5a ) where the recombination constant is dominated with the faster charge carrier. In other words, even the slowest carrier mainly governs the recombination process (as the fast carrier must wait for the slow carrier to recombine), but increasing either (or both) charge carrier mobilities directly increases the rate of recombination.
On the other hand, the reduction factor which depends on the material properties and the morphology of the absorber could have a huge influence on device performance estimation. This is shown in Figure 6 , where for the same set of input parameters (see Table 1 ) but with a different reduction factor, the PCE of the cell was hugely influenced. For a low reduction factor, the ultimate efficiency reaches to its peak for relatively slow carrier mobilities. However, for the high reduction factor, even though the overall efficiency reduces, the maximum achievable efficiency shifts to high carrier mobilities. This is the main reason why several studies showed different values for the optimum charge carrier mobilities for the best OSC performance. For instance, there is a two order of magnitude difference in optimum mobility and a 250% PCE reduction in the ultimate attainable efficiency for the nominal and high reduction factor of organic absorbers (see Figure 6 ). shown in Figure 6 , where for the same set of input parameters (see Table 1 ) but with a different reduction factor, the PCE of the cell was hugely influenced. For a low reduction factor, the ultimate efficiency reaches to its peak for relatively slow carrier mobilities. However, for the high reduction factor, even though the overall efficiency reduces, the maximum achievable efficiency shifts to high carrier mobilities. This is the main reason why several studies showed different values for the optimum charge carrier mobilities for the best OSC performance. For instance, there is a two order of magnitude difference in optimum mobility and a 250% PCE reduction in the ultimate attainable efficiency for the nominal and high reduction factor of organic absorbers (see Figure 6 ). Table 1 .
This parametric and systematic simulation analysis illustrates that for the typical range of carrier mobilities of organic material, the optimum efficiency was achieved only for the balanced value of mobilities, and Langevin-type recombination confirms that low charge carrier mobility is more favorable to avoid significant losses caused by the recombination losses. There are also several studies which addressed different reasons (considering different aspects) for the fact that higher mobilities may be unfavorable for device performance as a result of Voc reduction. For instance, authors of [26, 51] showed that a reduction of Voc is due to recombination of dark charge carriers injected from the contacts as their density increases with the higher mobility.
On the other hand, in [31, 32] , the reduction of Voc was quantified with faster charge carrier extraction as a result of high mobility. In contrast, in other studies such as that by Wagenpfahl et al. [29] , the charge extraction and recombination processes were separated, assuming Langevin recombination for low mobilities and bimolecular recombination for higher mobilities. They showed that maximum efficiency can be achieved for higher mobilities.
In summary, the opto-electronic properties of the polymers are highly tunable through variation of conjugation length, varying the molecular design with new synthesis, etc. This unique property allows for designing a wide variety of material with varied opto-electrical properties that can be investigated in OSC devices [9] . Our simulation analyses elucidates the complex interplay among material properties and physical processes and it provides a guideline to recommend to what extent the material modification influences the PCE of the device.
Role of Exciton State
In Section 4.1, we assumed that after photon absorption, an efficient exciton separation mechanism exists in the system. Nevertheless, in organic semiconductors, absorbed photons generate an electron-hole pair (exciton) prior to dissociation to the free carrier. Exciton has a binding energy that is much larger than the thermal energy at room temperature. Therefore, excitons will not spontaneously split to free carrier and extra forces like band offset and energetic difference at the interface of the two organic material are required for splitting the exciton into the free carriers. The exciton-splitting mechanism has attracted notable interest and extensive studies have been dedicated Table 1 .
This parametric and systematic simulation analysis illustrates that for the typical range of carrier mobilities of organic material, the optimum efficiency was achieved only for the balanced value of mobilities, and Langevin-type recombination confirms that low charge carrier mobility is more favorable to avoid significant losses caused by the recombination losses. There are also several studies which addressed different reasons (considering different aspects) for the fact that higher mobilities may be unfavorable for device performance as a result of V oc reduction. For instance, authors of [26, 51] showed that a reduction of V oc is due to recombination of dark charge carriers injected from the contacts as their density increases with the higher mobility.
On the other hand, in [31, 32] , the reduction of V oc was quantified with faster charge carrier extraction as a result of high mobility. In contrast, in other studies such as that by Wagenpfahl et al. [29] , the charge extraction and recombination processes were separated, assuming Langevin recombination for low mobilities and bimolecular recombination for higher mobilities. They showed that maximum efficiency can be achieved for higher mobilities.
In Section 4.1, we assumed that after photon absorption, an efficient exciton separation mechanism exists in the system. Nevertheless, in organic semiconductors, absorbed photons generate an electron-hole pair (exciton) prior to dissociation to the free carrier. Exciton has a binding energy that is much larger than the thermal energy at room temperature. Therefore, excitons will not spontaneously split to free carrier and extra forces like band offset and energetic difference at the interface of the two organic material are required for splitting the exciton into the free carriers. The exciton-splitting mechanism has attracted notable interest and extensive studies have been dedicated to this field specifically [52, 53] . Obviously, highly sophisticated and advanced models can capture the separation mechanism more accurately, however, coupling such models to the transport model adds more complexity to the system. Several approaches attempt to combine the exciton state and charge transport with the detailed balance formalism, but none have modeled the system qualitatively to point out the limits induced by exciton dynamics. To elucidate the exciton-induced PCE limitations, we investigated a simple but straightforward approach by replacing the complex exciton model with the exciton dissociation rate. Our assumption is realistic as usually the exciton dissociation is an efficient process with marginal fluctuation [45, 54, 55] . In particular, in terms of PCE estimation, the simulated results address the relation between charge transport and exciton mechanism in one framework.
We extend the model, including the exciton state, where the excitons are assumed to dissociate with the certain probability rate. In fact, exciton losses due to inefficient exciton transport or poor exciton dissociation mechanism at the donor-acceptor interface, are replaced with the probability function model. The schematic diagram of developed model is shown in Figure 7 . to this field specifically [52, 53] . Obviously, highly sophisticated and advanced models can capture the separation mechanism more accurately, however, coupling such models to the transport model adds more complexity to the system. Several approaches attempt to combine the exciton state and charge transport with the detailed balance formalism, but none have modeled the system qualitatively to point out the limits induced by exciton dynamics. To elucidate the exciton-induced PCE limitations, we investigated a simple but straightforward approach by replacing the complex exciton model with the exciton dissociation rate. Our assumption is realistic as usually the exciton dissociation is an efficient process with marginal fluctuation [45, 54, 55] . In particular, in terms of PCE estimation, the simulated results address the relation between charge transport and exciton mechanism in one framework.
We extend the model, including the exciton state, where the excitons are assumed to dissociate with the certain probability rate. In fact, exciton losses due to inefficient exciton transport or poor exciton dissociation mechanism at the donor-acceptor interface, are replaced with the probability function model. The schematic diagram of developed model is shown in Figure 7 . In this approach, exciton density (nexc) is supplied through two processes assuming continuity model for exciton state. First, an absorbed photon (Goptical(x)) directly generates an exciton, and the second process is recombination of free charge carrier (GR(n,p)(x)) that produces an exciton. This recombination process, coupled with the exciton state, is considered as a Langevin-type recombination. There are also two exciton state depletion processes; dec exc k n and diss exc k n . dec k stands for the decay (recombination) of the exciton to the ground state and diss k is the rate describing the probability of exciton dissociation. Finally, this continuity equation for exciton state is coupled with drift-diffusion model. Figure 8a shows the Jsc map of the simulated cell, as a function of exciton dissociation rate for the balanced charge mobilities (parameters are listed in Table 1 ). As depicted in Figure 8a , for mobilities higher than the nominal mobility of organic absorbers (10 −6 (m 2 ·V −1 ·s −1 )) the Jsc tends to saturate and most of the generated free carriers are extracted efficiently. The reduction of Jsc seen for lower dissociation probability is mainly related to inefficient exciton splitting. The corresponding PCE map in this regime (Figure 8b ), shows the performance of the cell saturated and further improvement of the charge carrier mobility did not effectively enhanced the performance of the device. In this regime, efficiency decreases monotonically with a nearly constant slope, independent of the mobility value. The PCE drops mainly due to reduction of photocurrent and open-circuit voltage. The former is due to lower current as a result of inefficient exciton dissociation and the latter is due to an increase of the recombination losses as a result of higher charge carrier mobilities.
Completely different behavior is observed for mobilities lower than 10 −6 (m 2 ·V −1 ·s −1 ). In this range of mobilities, not only insufficient exciton dissociation is important, but also imperfect carrier collection as a result of poor carrier transport starts to play a significant role. For instance, for the balanced mobilities, less than 10 −8 (m 2 ·V −1 ·s −1 ), the efficiency starts to drop more rapidly in comparison to the higher mobilities with equivalent exciton dissociation probability. In this approach, exciton density (n exc ) is supplied through two processes assuming continuity model for exciton state. First, an absorbed photon (G optical (x)) directly generates an exciton, and the second process is recombination of free charge carrier (G R(n,p) (x)) that produces an exciton. This recombination process, coupled with the exciton state, is considered as a Langevin-type recombination. There are also two exciton state depletion processes; k dec n exc and k diss n exc . k dec stands for the decay (recombination) of the exciton to the ground state and k diss is the rate describing the probability of exciton dissociation. Finally, this continuity equation for exciton state is coupled with drift-diffusion model. Figure 8a shows the J sc map of the simulated cell, as a function of exciton dissociation rate for the balanced charge mobilities (parameters are listed in Table 1 ). As depicted in Figure 8a , for mobilities higher than the nominal mobility of organic absorbers (10 −6 (m 2 ·V −1 ·s −1 )) the J sc tends to saturate and most of the generated free carriers are extracted efficiently. The reduction of J sc seen for lower dissociation probability is mainly related to inefficient exciton splitting. The corresponding PCE map in this regime (Figure 8b ), shows the performance of the cell saturated and further improvement of the charge carrier mobility did not effectively enhanced the performance of the device. In this regime, efficiency decreases monotonically with a nearly constant slope, independent of the mobility value. The PCE drops mainly due to reduction of photocurrent and open-circuit voltage. The former is due to lower current as a result of inefficient exciton dissociation and the latter is due to an increase of the recombination losses as a result of higher charge carrier mobilities. This is highlighted in Figure 9 where current-voltage characteristics of low and high carrier mobilities for the efficient exciton dissociation rates are compared. The change in the performance of the device for the two orders of magnitude lower carrier mobility from 10 −4 (m 2 ·V −1 ·s −1 ) to 10 −6 (m 2 ·V −1 ·s −1 ) is very limited with a comparable fill factor (FF). However, for the mobilities close to the nominal value of conventional absorbers (e.g., 10 −8 (m 2 ·V −1 ·s −1 )), the PCE and FF reduced significantly. In fact, collections of carriers become inefficient and short-circuit current, as well as the FF, start to drop dramatically. For instance, it can be stressed that for the mobility of 10 −9 (m 2 ·V −1 ·s −1 ) which is one order of magnitude less than typical carrier mobility of P3HT:PC60BM absorber, extremely efficient exciton dissociation (not less than 96%) is necessary and critical for efficient performance. This systematic simulation once more represents how critical the role of the mobility of organic materials is. As shown in Figure 8b , for even one order of magnitude higher mobilities reported for the P3HT: PC60BM system, the PCE peak is less sensitive to the charge carrier mobilities and inefficient exciton dissociation mechanism is a dominant limiting factor for cell performance. Thus, it is critical to develop, synthesize and process optimize an organic blend that enhances the exciton dissociation rate rather than improving the charge carrier mobilities. In contrast, for one order of magnitude lower mobilities, the role of charge carrier transport is more pronounced. In this regime, even developing heterojunction with very efficient exciton separation mechanism (higher than 90%) is not sufficient to achieve high device performances. Therefore, for higher PCE in this boundary, it is recommendable to put effort into improving charge carrier mobility rather than optimizing the blend for a better exciton dissociation mechanism. Completely different behavior is observed for mobilities lower than 10 −6 (m 2 ·V −1 ·s −1 ). In this range of mobilities, not only insufficient exciton dissociation is important, but also imperfect carrier collection as a result of poor carrier transport starts to play a significant role. For instance, for the balanced mobilities, less than 10 −8 (m 2 ·V −1 ·s −1 ), the efficiency starts to drop more rapidly in comparison to the higher mobilities with equivalent exciton dissociation probability. This is highlighted in Figure 9 where current-voltage characteristics of low and high carrier mobilities for the efficient exciton dissociation rates are compared. The change in the performance of the device for the two orders of magnitude lower carrier mobility from 10 −4 (m 2 ·V −1 ·s −1 ) to 10 −6 (m 2 ·V −1 ·s −1 ) is very limited with a comparable fill factor (FF). However, for the mobilities close to the nominal value of conventional absorbers (e.g., 10 −8 (m 2 ·V −1 ·s −1 )), the PCE and FF reduced significantly. In fact, collections of carriers become inefficient and short-circuit current, as well as the FF, start to drop dramatically. For instance, it can be stressed that for the mobility of 10 −9 (m 2 ·V −1 ·s −1 ) which is one order of magnitude less than typical carrier mobility of P3HT:PC 60 BM absorber, extremely efficient exciton dissociation (not less than 96%) is necessary and critical for efficient performance. This is highlighted in Figure 9 where current-voltage characteristics of low and high carrier mobilities for the efficient exciton dissociation rates are compared. The change in the performance of the device for the two orders of magnitude lower carrier mobility from 10 −4 (m 2 ·V −1 ·s −1 ) to 10 −6 (m 2 ·V −1 ·s −1 ) is very limited with a comparable fill factor (FF). However, for the mobilities close to the nominal value of conventional absorbers (e.g., 10 −8 (m 2 ·V −1 ·s −1 )), the PCE and FF reduced significantly. In fact, collections of carriers become inefficient and short-circuit current, as well as the FF, start to drop dramatically. For instance, it can be stressed that for the mobility of 10 −9 (m 2 ·V −1 ·s −1 ) which is one order of magnitude less than typical carrier mobility of P3HT:PC60BM absorber, extremely efficient exciton dissociation (not less than 96%) is necessary and critical for efficient performance. This systematic simulation once more represents how critical the role of the mobility of organic materials is. As shown in Figure 8b , for even one order of magnitude higher mobilities reported for the P3HT: PC60BM system, the PCE peak is less sensitive to the charge carrier mobilities and inefficient exciton dissociation mechanism is a dominant limiting factor for cell performance. Thus, it is critical to develop, synthesize and process optimize an organic blend that enhances the exciton dissociation rate rather than improving the charge carrier mobilities. In contrast, for one order of magnitude lower mobilities, the role of charge carrier transport is more pronounced. In this regime, even developing heterojunction with very efficient exciton separation mechanism (higher than 90%) This systematic simulation once more represents how critical the role of the mobility of organic materials is. As shown in Figure 8b , for even one order of magnitude higher mobilities reported for the P3HT: PC 60 BM system, the PCE peak is less sensitive to the charge carrier mobilities and inefficient exciton dissociation mechanism is a dominant limiting factor for cell performance. Thus, it is critical to develop, synthesize and process optimize an organic blend that enhances the exciton dissociation rate rather than improving the charge carrier mobilities. In contrast, for one order of magnitude lower mobilities, the role of charge carrier transport is more pronounced. In this regime, even developing heterojunction with very efficient exciton separation mechanism (higher than 90%) is not sufficient to achieve high device performances. Therefore, for higher PCE in this boundary, it is recommendable to put effort into improving charge carrier mobility rather than optimizing the blend for a better exciton dissociation mechanism.
Conclusions
In conclusion, to estimate the ultimate attainable PCE of the OSCs beyond the SQ limits, we developed a macroscopic model from a very simple to state-of-the-art theory of organic semiconductor device physics. The developed model describes the impact of different sub-macroscopic physical processes and organic material properties on the performance of the OSC. To explain the huge gap and inconsistencies observed between the experiments and estimated ultimate attainable PCE, a different set of simulations was performed over the main physical parameters and sub-physical processes occurring in OSC. Qualitative comparison of simulated results showed the main PCE-limiting factors and recommended an alternative pathway to improve the device performance. Systematic simulation analysis showed the PCE losses in OSCs are mostly related to poor carrier transport and the recombination process. In addition, it is shown these two factors are highly correlated to each other. Hence, accounting for their relative impact on the PCE, we define a different regime where material properties and physical processes dominate the losses in OSCs. Above all, we have shown that the results of simulations and the estimation of optimum physical parameters depend strongly on the assumptions made in the physics of the device. In particular, we noted that the impact of low mobility on the PCE is considerably high and complex. Ultimately, a huge deviation and sensitivity of the simulation for a typical range of carrier mobility values reveal that to obtain reliable simulation results, precise parameterization with experimental measurements is particularly crucial for the low mobility absorbers. In addition, our comprehensive simulation study on the sub-microscopic physical processes contributes to a better understanding of the PCE-limiting factors and complexity of the parameterization and characterization of OSC for low mobilities absorbers. Finally, simulated PCE maps represent key information to predict to what extent the process, design and synthesis of the novel material and structure can enhance the performance of the solar cells toward higher efficiencies.
